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). The overall size of the hamster genome was estimated to be 2.7 Gb using the k-mer estimation method (Supplementary Fig. 1 ). Optical mapping data were further combined with published BAC-based fluorescence in situ hybridization data 8 to successfully associate 26% of the genome sequence data to specific hamster chromosomes ( Supplementary  Tables 3 and 4) .
To assess the coverage of the hamster transcripts in the assembly, we sequenced mRNA from a pool of hamster tissues and assembled the transcriptome de novo into 98,116 contigs (Online Methods). Mapping RNA-seq contigs to the genome assembly demonstrated that >90% of the assembled transcripts could be associated with annotated genes ( Supplementary Table 5 ).
Genome annotation
We annotated repeat features and identified endogenous retroviral elements (Supplementary Notes and Supplementary Tables 6-9). We next predicted genes using homology-based approaches, de novo gene prediction algorithms and transcriptome-based methods ( Supplementary Table 10 and Supplementary Fig. 2) . The final gene set consisted of 24,044 genes in the hamster genome, which is similar to that of the CHO-K1 cell line 5 . Of these predicted genes, 23,473 clustered into 21,628 gene families (Fig. 1a) , and 3,052 (14.1%) gene families contained more than one gene in the hamster. Only 20 gene families were unique to the hamster, when compared to the rat, mouse and CHO-K1 genomes (Fig. 1b) . We functionally annotated 82% (19, 775) of the predicted genes using InterPro, Swiss-Prot, TrEMBL, Gene Ontology (GO) and KEGG ( Supplementary Table 11 ).
Comparison between hamster and CHO-K1 genomes
Mutations and structural variations are common in mammalian cell line genomes [17] [18] [19] . Although large chromosomal rearrangements have been shown in CHO cell lines previously 8 , the extent of these changes at the sequence level remains unknown. Thus, we compared the structure and gene content of the Chinese hamster genome and the published genome of CHO-K1 cells from the American Type Culture Collection (ATCC) 5 . To facilitate this comparison, we aligned all large hamster and CHO-K1 scaffolds to the mouse chromosomes. Numerous chromosomal translocations have occurred through evolution since the mouse and hamster diverged ( Fig. 2a) . However, no large sections of the mouse chromosomes were missing in the hamster (Fig. 2b) . On the other hand, CHO-K1 scaffolds failed to align to portions of mouse chromosomes 5, 7, 15 and 19 ( Fig. 2b) . Meanwhile, Illumina sequencing reads from CHO-K1 (ref. 5) aligned to the hamster scaffolds corresponding to these regions. This result suggests the possibility that these regions are in CHO-K1, albeit considerably mutated or rearranged. We next directly assessed the scope of mutations by comparing the CHO-K1 genome to the hamster genome. CHO-K1 contained 25,711 structure variations, including 13,735 insertions and 11,976 deletions (Supplementary Notes and Supplementary Table 12 ). Despite the large number of structural variations in CHO-K1, the set of annotated genes in the hamster and CHO-K1 were highly similar. Specifically, there was a 99% overlap in gene content between the two genomes, and an assessment of GOslim terms for these genes confirmed the similarity in gene content ( Fig. 2c) .
Variation between different CHO cell lines
Despite the similarity in gene content, numerous genomic variations were detected in CHO-K1 relative to the hamster. To elucidate (bp)  Number   N90  6,390  91,476  346,540  1,637  443,523  1,091  N80  11,724  65,207  656,362  1,156  939,760  723  N70  16,531  48,549  950,835  853  1,417,091  519  N60  21,461  36,190  1,249,430  634  1,994,221  378  N50  26,761  26, npg r e s o u r c e the extent of genomic heterogeneity across other cell lines, we sequenced six additional CHO cell lines ( Fig. 3a) to >9× depth, covering ~95% of each genome. Including the previously sequenced CHO-K1 genome, the seven cell lines accounted for three different lineages and several different phenotypic features, for example, cells adapted to different media, suspension-grown cells and antibodyproducing cells ( Supplementary Table 13 ).
To initially validate our cell line resequencing data, we inspected the genotype related to an important phenotypic marker for CHO cell lines. Certain cell lines lack dihydrofolate reductase (DHFR) activity 20 , and cannot grow without glycine, hypoxanthine and thymidine (GHT). However, when an exogenous DHFR gene is coupled to a gene encoding a desired protein product on the same plasmid, the GHT media and methotrexate can be used to select for clones that overproduce DHFR and the recombinant protein of interest. Among the cell lines sequenced here, only the DG44 cell line is known to carry the DHFR-negative phenotype 20 . Consistent with this characteristic, all cell lines had genomic sequence data for the DHFR gene, except for DG44 ( Fig. 3b) . This DG44-specific deletion was further confirmed by PCR ( Fig. 3c) .
To assess the genome-wide differences between these CHO cell lines, we used the hamster genome assembly as the reference sequence. This reference sequence allowed us to determine SNPs, short insertions and deletions (indels) and gene copy number variations (CNVs) ( Supplementary  Table 14 ). Across the cell lines, we identified 3,715,639 SNPs, and a phylogenetic reconstruction based on these SNPs accurately recapitulated the cell line history (Fig. 3d) . We also identified 551,240 indels shorter than 5 bp, 319 of which are predicted to be frame-shifting indels in coding regions. SNPs and indels did not occur uniformly, and some hamster chromosomes were more affected than others (Fig. 3e,f) .
We also found 3,383 nonredundant duplicated regions in at least one cell line and 177 duplicated regions in all seven cell lines ( Supplementary Table 15 ). In total, 4,241 genes resided entirely within these 3,383 duplicated regions. Moreover, 113 genes were found to have a reduced copy number in one or more cell lines. In addition, 17 hamster genes were completely missing in at least one cell line, and the missing genes often differed between the lineages (Supplementary Table 16) .
A variety of genes are associated with mutations and CNVs (Supplementary Tables 17-20) . Of the SNPs, 5,487 (0.15%) were nonsynonymous and significantly enriched in many GO classes (false discovery rate < 0.01), such as olfactory genes and G protein-coupled receptors (P < 2 × 10 −25 and 6 × 10 −21 , respectively; hypergeometric test), whereas genes in these same classes were rarely duplicated (P < 1 × 10 −5 and 0.02, respectively; hypergeometric test). In addition, proteins involved in cell adhesion were also enriched in SNPs (P < 0.004; hypergeometric test). It is possible that these mutations influence the ability of CHO cells to grow in suspension cultures without adhesion factors.
Other genes were protected from SNPs, such as genes associated with DNA binding transcription factor activity and metabolism (P < 0.006 and P < 9 × 10 −5 , respectively; hypergeometric test). Notably, some signaling pathways were insulated from SNPs, such as the WNT and mTOR signaling pathways (P < 0.02 and P < 0.002, respectively; hypergeometric test) and autophagy (P < 0.01). These pathways all contribute to the proliferative and immortalized phenotypes in cancer cells [21] [22] [23] and likely play a similar role in CHO cell lines. Protein glycosylation was also significantly insulated from SNPs in all cell lines (mean hypergeometric P = 0.018). Thus, the distribution of mutations and CNVs seems consistent with traits that make CHO cell lines desirable protein production hosts (that is, high proliferation rate, suspension growth and protected protein glycosylation).
Using the genome to study the apoptosis pathway CHO production strains can be grown to high cell densities in fedbatch cultures with serum-free media. Bioprocessing limitations in nutrients in these environments can lead to apoptosis, thereby limiting viable cell density and volumetric productivity. To improve bioprocessing efficiencies, many researchers have sought to improve cell-line longevity by suppressing apoptosis in CHO cells. These efforts involve modulating protein activity by overexpressing antiapoptotic pathways 24 and blocking pro-apoptotic pathways with chemicals 25 , short interfering RNA (siRNA) 26 and gene deletions 27 . However, the complex nature of apoptosis has made it nontrivial to optimize in CHO cells. Thus, a more complete view of gene expression and mutations in the apoptosis system could facilitate bioprocessing and cell engineering efforts to control cell death.
To assess changes in apoptosis in CHO cells, we first identified homologs for anti-and pro-apoptotic proteins in the C. griseus genome ( Supplementary Table 21 ). Of the 62 KEGG orthologous IκBα  BAX  CytC  p53  IRAK  IKK  CASP9  CASP7  TNFR1  PI3K  CASP12  Fas  ATM  NIK  DFF40  Bcl2  IAP  TRAIL-R  CASP8  FADD  Bid  RIP1  Calcineurin  IL-1R  FLIP  MyD88  TRAF2  DFF45  CASP6  Calpain  Bcl-XL  AIF  Akt  PKA  NF- Normalized expression (log 10 )
Pro-apoptotic Anti-apoptotic * a Figure 4 Expression changes and CNVs of key members of the apoptotic pathways. Apoptosis is a complex network of proteins that integrates several external and internal signals to make decisions about programmed cell death. (a) On average, gene expression levels of pro-apoptotic genes are only slightly lower in CHO-K1, in comparison to the Chinese hamster. However, anti-apoptotic gene expression is significantly higher in CHO-K1 (*: P < 0.02, Wilcoxon rank-sum test). (b) When assessing expression of individual genes, pro-apoptotic genes (red) tend to more frequently decrease mRNA expression, whereas anti-apoptotic genes (blue) more frequently increase expression. (c) Many major pro-apoptotic (red) and anti-apoptotic (blue) proteins are represented here in the context of the extrinsic (brown), intrinsic (red) or survival (blue) pathways. Proteins that have CNVs are plotted in bar graphs with each bar representing a unique cell line as detailed in the legend, and copy numbers are normalized to the copy number in hamster. Thus, a value less than one suggests a loss of a gene copy, whereas a value greater than one suggests duplication. Details on each gene abbreviation are included in Supplementary Table 21 .
npg r e s o u r c e gene identifiers in apoptosis, 92% were in the hamster genome. Consistent with observations in mouse, caspase-10 was missing 28 .
Other missing genes included interleukin-3, interleukin-3 receptor alpha and interleukin-1 alpha. Although these genes were undetected, apoptosis utilizes redundant pathways, and the lack of these genes should not hinder the system. In the CHO-K1 cell line, no additional genes for anti-and proapoptotic proteins were lost relative to the hamster. Instead, apoptotic gene expression significantly changed. Pro-apoptotic genes exhibited slightly lower gene expression in CHO-K1 in comparison to C. griseus, although this was not statistically significant. However, anti-apoptotic genes in CHO-K1 exhibited significantly higher median expression (P < 0.02; Wilcoxon rank-sum test; Fig. 4a ). Apoptotic genes with the greatest increase in expression tended to be anti-apoptotic (e.g., NF-κB, protein kinase A, Akt and Bcl-XL), whereas repressed genes tended to be pro-apoptotic (e.g., endonuclease G, IκBα, BAX, and p53) (Fig. 4b) . Thus, CHO-K1 suppresses apoptosis, and we anticipate that similar gene expression changes occur in other CHO cell lines.
In addition to changes in apoptotic gene expression, CNVs also frequently occur in apoptotic genes in mammalian cell lines 29 . As CNVs can complicate efforts to engineer cell lines, we also analyzed CHO CNVs in the context of the apoptosis pathways.
The apoptotic network is stimulated by external signals through the extrinsic pathway, or internal stress signals (e.g., increases in cytosolic Ca 2+ or DNA damage) through the intrinsic pathway. The diverse signals transmitted by each pathway converge upon the caspase proteases, which cleave protein targets and lead to cell death 28 . As a strategy to increase CHO cell longevity, caspase activation has been targeted with chemical inhibitors 30 and caspase-inhibiting proteins 24, [31] [32] [33] . We found that several cell lines contained extra copies of various caspases (Fig. 4c) . Thus, efforts to remove pro-apoptotic genes, such as caspases, should account for potential CNVs for those genes. Some anti-apoptotic genes were duplicated only in individual cell lines, which may lead to these lines being more resilient against apoptosis activation. For example, the inhibitors of apoptosis (IAP) family of proteins inhibit caspases 34 , and we found that one IAP gene, BIRC7, is duplicated in all cell lines. In addition, another anti-apoptotic factor, phosphoinositide 3-kinase (PI3K), also showed cell typespecific CNVs.
In general, CNVs occur in various pathways, such as apoptosis and glycosylation (Supplementary Fig. 3 ) and can differ between cell lines (Supplementary Tables 22 and 23) . Knowledge of CNVs can help researchers avoid unexpected genomic changes [35] [36] [37] when using nucleases in duplicated regions. CNVs can be clone-specific as gene copy numbers in a single cell line vary considerably during growth media adaptation or after several cell passages 29, 38 . Thus, clonespecific genomic data may indicate which cell line modifications will be effective in developing a particular production cell line.
DISCUSSION
Genomic resources have provided a wealth of tools in biotechnology 4 , ranging from phenotyping tools, such as transcriptomics, to genome editing technologies. These resources have transformed our ability to study and modify the functions of human cells (e.g., cancer and human embryonic kidney cells) and other model organisms. Similar tools are becoming available for CHO cells 16, 39, 40 , but maximizing their potential requires a clear picture of the genomic landscape of CHO cells. Here, we demonstrated how the C. griseus genome can provide a sequence-level view of genomic heterogeneity between cell lines and yield a more comprehensive picture of the variants in a cell line of choice.
Numerous studies have shown large chromosomal rearrangements in CHO cells, using banding techniques [41] [42] [43] and fluorescence in situ hybridization 8, [44] [45] [46] [47] [48] . These approaches identified large translocations in CHO cells, providing a coarse-grained view of genomic variations in these unstable genomes. We present, for the first time to our knowledge, a whole-genome, sequence-level view of the heterogeneity between CHO cell lines. We showed that each cell line harbors a unique set of mutations, including SNPs, indels, CNVs and missing genes. CNVs were particularly heterogeneous, with 48% (mostly duplications) being unique to one cell line ( Supplementary Table 16 ). We also found that mutations rapidly accumulate during development of production cell lines. For example, during the development of the C0101 antibody-producing cell line from CHO-S, 301,753 new SNPs arose, representing 9% of the SNPs in that cell line.
The nonuniform distribution of mutations in each cell line seemed to have some phenotypic relevance. Indeed, several processes associated with proliferation and immortalized phenotypes were more insulated from mutation. These included the WNT and mTOR signaling pathways and processes such as autophagy. Mutations in other pathways such as glycosylation and viral susceptibility (Supplementary Notes) varied between cell lines and might influence desired phenotypic properties, although careful biochemical studies are needed. Duplications were also seen for many apoptotic genes. Notably, many of the sequence variations were shared between members of the same family of CHO cells (that is, CHO-K1, DG44 or CHO-S), but these were frequently not shared across CHO cell families (Supplementary Tables 16 and 22-24) . A detailed knowledge of mutations in each cell line may be valuable for cell line selection, characterization and engineering, as well as bioprocess and media optimization. This knowledge for each cell line may further improve the success of siRNAs, zinc finger nucleases and other cell-line engineering tools. Additionally, as more sequence variation data are collected on diverse cell lines, it may be possible to associate cell phenotypes with different mutations (as is commonly done in model organisms 49 ).
To fully detail the sequence variations, it is necessary to have a well-defined reference genome with relevance to all CHO cell lines. The reference genome should exhibit several properties. First, it must contain the genomic sequence of all native CHO genes and their regulatory elements. We found that CHO-K1 seems to be missing certain hamster genes, and that cell lines from other lineages are missing other genes ( Supplementary Table 16 ). Although we focused on genes that are entirely missing, many more truncated genes and disrupted promoter elements may be found in each cell line as gene models are improved and as regulatory elements are discovered.
Second, it is often desirable to identify all variants in a cell line, and not just the genomic differences between two cell lines. There are clear ultrastructural differences between the hamster and CHO cells. Some chromosomal translocations are conserved among cell lines 8 . These structural variations are likely conserved because CHO cells from the CHO-K1, DG44 and CHO-S lineages share a common highly mutated ancestor. Indeed, we found that 67% of SNPs (~2.5 million) were shared among all CHO cell lines. These shared variants would be missed if the CHO-K1 genome were used as the sole reference. Mutations with deleterious effects on expression and/or activity can be more comprehensively cataloged using the hamster genome as the reference. Thus, endemic loss-of-function mutations in CHO could be identified and remedied as needed for a desired phenotype. Third, a reference genome must be amenable to improvement over time. The chromosomes of CHO cell lines are unstable, with nonnegligible karyotypic differences even in the same culture 17, 43 . Thus, it will be much easier to develop and maintain a gold standard reference sequence of the more stable Chinese hamster genome. This resource will be valuable for characterizing CHO cell lines and using omic technologies, akin to how the M. musculus genome is used for studying murine cell lines. Furthermore, although regulatory challenges remain for cell line engineering, whole-genome resequencing against a reference genome will provide transparency as regulatory agencies assess products from engineered cell lines for approval.
There are important differences in genomic content among CHO cell lines that can influence cell line traits. These are likely to be further influenced by differences in gene expression levels. As a result, genome-scale viewpoints will likely become increasingly relevant for CHO-based bioprocessing, as they have for microbe-based manufacturing over the past decade. Although these approaches can require expensive phenotyping and omic technologies, costs are rapidly decreasing. Thus, genome-scale analyses may enhance our ability to understand the production characteristics of CHO cell lines and aid in the production of therapeutic proteins in the coming decades.
METHODS
Methods and any associated references are available in the online version of the paper. Accession codes. GenBank: AMDS00000000; the version described in this study is AMDS00000000.1. Accession codes for the sequencing data for the cell lines and the hamster transcriptome are listed in Supplementary Table 25 .
Note: Supplementary information is available in the online version of the paper. than the minimum recommended depth of 9× for each cell line, to assure that enough coverage was obtained to resolve heterozygous SNPs. Sequencing data can be obtained from the NCBI short read archive (see Supplementary  Table 25 for accession numbers).
Missing genes in the six resequenced cell lines and the previously sequenced CHO-K1 ATCC genome 5 were detected as follows. Sequencing reads from the seven cell lines and hamster were mapped to hamster assembly with BWA (version 0.5.9). Read depth of genes was calculated using 'depth' tool of SAMtools (version 0.1.18). A gene was declared to be deleted if it conformed to the following criteria. First, when mapping the hamster reads to the assembled hamster genome scaffolds, the read depth of the gene had to be greater than half of the mean read depth across all hamster genes. Second, the read depth of the gene for a given cell line had to be less than 0.1. SOAPaligner (version 2.21) was also used for a repeat trial. The resulting read depth distribution was consistent with that derived from BWA.
To detect SNPs, indels and CNVs, the raw reads from each cell line were mapped to the hamster genome assembly to determine sequence variations. To aid the process of variant detection, the hamster scaffolds were concatenated in a random fashion to obtain 12 pseudo chromosomes. SOAP was used to align the sequencing reads from each cell line to the reference hamster assembly. The alignments were subsequently split into pseudochromosomes and sorted according to the mapped position. SOAPsnp was used to identify SNPs in each cell line. To further refine the predicted SNPs, we adopted an alternative approach using BWA to align the reads to the hamster assembly. The 'mpileup' tool of SAMtools was applied to get the information of each genomic position in the different samples and BCFtools in the same package was used for variant calling. The two SNP data sets were subsequently combined to make the final SNP data set. For each library, we filtered SNPs with depth less than half of the mean depth. We also filtered SNPs that were located within 5 bp of another SNP. In total, we identified 3,715,639 SNPs. SNPs were used to reconstruct the phylogeny of the CHO cell lines. The Jukes-Cantor pairwise distance was computed between all strains and the phylogenetic tree was built using the unweighted pair group method average. The alignments were further processed using SOAPindel (http://soap.genomics.org.cn/soapindel.html) to identify indels and analyzed using CNVnator to detect CNVs 66 .
Nonsynonymous SNPs, frame-shifting indels, and gene-containing CNVs were identified and analyzed. The hypergeometric test was used to identify gene classes that were over-or under-represented in mutations in all Gene Ontology classes and KEGG pathways, based on our genome annotation (Supplementary Tables 17-20) . More detailed analysis on apoptotic pathways was based on KEGG ortholog assignments ( Supplementary Table 21 ). Additional analysis on glycosylation and viral succeptability genes (Supplementary Notes and Supplementary Fig. 9 ) were based on homology to gene lists published previously5 (Supplementary Notes and Supplementary  Tables 26 and 27 ).
